Methane and nitrous oxide emissions from a fully covered municipal wastewater treatment plant were measured on-line during sixteen months. At the plant under study, nitrous oxide contributed for three quarters to the plant's carbon footprint, while the methane emission was slightly larger than the indirect carbon dioxide emission related to the plant's electricity and natural gas consumption. This contrasted with two other wastewater treatment plants, where more than 80 % of the carbon footprint came from the indirect carbon dioxide emission. The nitrous oxide emission exhibited a seasonal dynamic, of which the cause remains unclear. Three types of air filters where investigated with regard to their effectiveness to remove methane from the off-gas.
INTRODUCTION
Municipal wastewater treatment plants are emission sources of the greenhouse gases methane (CH 4 ), nitrous oxide (N 2 O) and carbon dioxide (CO 2 ) (Hofman et al., 2011) . Carbon dioxide emissions contribute to climate change only insofar as they originate from the combustion of fossil fuels to generate the electricity that is required for the operation of the plant. Nitrous oxide is emitted during biological nitrogen removal from wastewater, through nitrification and subsequent denitrification. In both processes, nitrous oxide is formed, but a detailed understanding of the factors that induce nitrous oxide emissions is currently missing (Law et al., 2012) . Since nitrous oxide has a greenhouse gas potential of approximately 300 times that of carbon dioxide (IPCC, 2007) , it can potentially contribute heavily to a wastewater treatment plant's carbon footprint. Methane has a global warming potential of 25 CO 2 -equivalents (IPCC, 2007) . It is emitted from those parts of the plant where anaerobic conditions prevail, such as the unit processes related to the anaerobic sludge treatment, but methane is also stripped from the sewage after it enters the plant (Guisasola et al., 2008) .
The present study is the first long-term, on-line monitoring campaign measuring nitrous oxide and methane emissions from a municipal wastewater treatment plant. The objectives of this study were to quantify the emissions of methane and nitrous oxide and to calculate the contribution of methane, nitrous oxide and indirect carbon dioxide to the carbon footprint of a municipal wastewater treatment plant. Three types of air filters were tested as a possible mitigation option for methane emissions.
MATERIALS AND METHODS Field site description
The monitoring campaign was performed at Kralingseveer WWTP, located in the municipality of Capelle aan den IJssel, near Rotterdam, the Netherlands (51° 54' 30'' N 4° 32' 35'' E) . The plant treats the domestic wastewater of 360,000 population equivalents (PE). The excess sludge of the plant is treated in an anaerobic digester. The resulting biogas is used in a combined heat and power installation that fulfils about 60 % of the energy requirements of the plant. The remainder of the plant's energy requirements is met by electricity and natural gas from the grid.
The plant comprises two activated sludge systems: a plug flow reactor, and two parallel carousel reactors. After the wastewater has passed through a primary settling tank and a selector tank, where it is mixed with the return sludge, the mixed liquor enters the plug flow reactor. First, the mixed liquor passes through non-aerated, anoxic zone for denitrification, followed by an aerated zone for nitrification. From the aerated zone, the mixed liquor is recycled to the anoxic zone with a recycle ratio of three, while the remainder passes on to the two parallel carousel reactors. After passing through the carousel reactors, the mixed liquor flows to the secondary settlers. A full description of the wastewater treatment plant under study is provided in Daelman et al. (2012) .
Measurements of the methane removal efficiency of air filter systems
Three types of air filters on various wastewater facilities in the Netherlands were investigated with regard to their effectiveness to remove methane from the off-gas stream. At Kralingseveer WWTP, a compost filter treats the off-gas from the headworks, the primary settler, the storage tank for primary sludge, the buffer storage tank for digester effluent, the centrifuges and the storage tank for dewatered sludge. At Kortenoord WWTP, two lava filters treat the off-gas from the headworks and from the sludge dewatering centrifuges. At the Maassluis sewage pumping station, the off-gases are treated by a lava filter and a subsequent activated carbon filter, but only the activated carbon filter was accessible.
The methane concentration in the off-gas streams was determined by filling a gas bag and analysing its content with a gas chromatograph equipped with a flame ionization detector. The gas flow rates were determined with a hot-wire anemometer.
For the compost filter at Kralingseveer WWTP and the lava filters at Kortenoord WWTP, the ingoing and outgoing air flow rates were not equal due to the infiltration of false air. Therefore, the methane removal efficiency of the filters could not be calculated by merely measuring concentration. Instead, the methane flux was calculated by multiplying the respective air flow rates with the respective methane concentrations in the air flow. The difference between the ingoing and outgoing methane fluxes, divided by the ingoing methane flux, yielded the methane removal efficiency. For the activated carbon filter at the pumping station, the air flow rate could not be measured, but since no false air was entering the system, the methane removal efficiency was calculated by dividing the difference between the ingoing and outgoing concentration by the ingoing concentration.
Quantifying greenhouse gas emissions
All unit processes at Kralingseveer WWTP are covered, except for the secondary clarifiers. The air that comes from the compost filter is blown into the headspace of the carousel reactors. As a result, the off-gas from the carousel reactor also comprises the off-gas from the headworks, the primary settler, the storage tank for primary sludge, the buffer storage tank for digester effluent, the centrifuges and the storage tank for dewatered sludge. The off-gas from the plug flow reactor and from the two parallel carousel reactors is sent to an ozone washer for disinfection.
From 14 October 2010 until 26 January 2012, gas was withdrawn from the off-gas pipes going to the ozone washer. The gas was directed to a Servomex 4900 infrared gas analyser, measuring online the methane and nitrous oxide concentration in the off-gas flow. Every minute, the methane and nitrous oxide concentrations were logged. The gas flow rates in the off-gas pipes were measured weekly using a hot wire anemometer. Since the blowers of the off-gas collection system are operated at constant power, the gas flow rates are constant. By multiplying the measured concentrations with the prevailing flow rate in the off-gas pipes, the methane and nitrous oxide fluxes from the plug flow reactor and the carousel were calculated.
The indirect carbon dioxide emission of the plant was calculated using the amount of electricity and natural gas that the plant consumed from the grid during the monitoring period to complement the energy that is recovered from the biogas in the cogeneration plant. The electricity consumption was multiplied with the amount of carbon dioxide that is emitted during the production of electricity using the typical Dutch mix of energy resources. According to the International Energy Agency, electricity production in the Netherlands emits 0.395 kg CO 2 .kWh -1 (IEA, 2010). The natural gas consumption was multiplied with an emission factor of 1.8 kg CO 2 .Nm -3 (Heslinga and van Harmelen, 2006) . Table 1 summarizes the amount of greenhouse gas that is emitted from the plant. To allow comparison with the emission from other wastewater treatment plants and other studies, the emission values were normalized by magnitude of the population served and by the average amount of wastewater treated during the monitoring period. Typically, the methane and nitrous oxide emission is also expressed relative to the incoming COD and nitrogen, respectively. For each day when the incoming COD and incoming nitrogen data were available from the plant's lab analysis, the daily methane emission was divided by the daily COD and the daily nitrous oxide emission was divided by the nitrogen load. Lab analyses were available on a weekly basis, resulting in 78 emission factors for each gas. For this study, the average emission factors were 11g CH 4 .(kg COD influent ) -1 , or 1.1 % of the incoming COD, and 28 g N 2 O-N.(kg TKN influent ) -1 , or 2.8 % of the incoming nitrogen. The monthly averaged methane emission from Kralingseveer WWTP is shown in Figure 1A , together with the atmospheric temperature. The methane emission varies between 211 and 429 kg CH 4 .d -1 . At first sight, the emission appears the highest during the summer months (June and July), suggesting an effect of temperature, but there was no meaningful correlation between daily average methane emission and temperature (R² = 0.18). Figure 1B summarizes the monthly averages of the nitrous oxide, as well as the wastewater temperature measured in the carousel reactors. Since nitrous oxide is produced in the mixed liquor, the water temperature is more relevant than the atmospheric temperature. The nitrous oxide emission exhibits a seasonal dynamic, but this dynamic lags two to three months behind the water temperature dynamic. In October and November 2010 there is almost no nitrous oxide emitted at all. When the water temperature drops below 15 °C in December 2010, the emissions starts to increase. When the temperature reaches its minimum in January 2011, the emission has increased to a monthly average of 39 kg N 2 O-N.d Figure 2 displays the share of each of the three gases in the plant's total greenhouse gas emission. At Kralingseveer WWTP, nitrous oxide dominated the greenhouse gas footprint. The methane emission amounted to 13.5% while the share of the nitrous oxide emission was 78.4 %. Both greenhouse gases contributed more to the overall plant footprint than the carbon dioxide emission (8.1%) related to the plant's electricity and natural gas consumption. The only other study that actually measured the complete climate footprint of a WWTP is STOWA (2010). Those results are shown in Table 2 . In this study, the emissions from two plants, Kortenoord and Papendrecht, were measured during one week, and for a third plant, Kralingseveer (the same plant as the one in the present study), the emissions were measured Table 3 provides an overview of the methane removal efficiency of three types of air treatment filters. The lava filter at the sludge treatment facility of Kortenoord WWTP and the activated carbon filter at the sewage pumping station only remove 4 % of the methane in the off-gas, while the compost filter at Kralingseveer WWTP and the lava filter at the headworks of Kortenoord WWTP remove 14 % and 25 %, respectively. (Kampschreur et al., 2009 ). This emission factor, which is based on a single study by Czepiel et al. (1995) , is eighty times lower than the 28 g N 2 O-N. (kg TKN influent ) -1 , i.e. 2.8 % of the incoming nitrogen, of the present study. However, the value from this study falls within the wide range of emission factors from previous studies. A review study of Kampschreur et al. (2009) listed emission factors ranging from 0.001% to 14.6 % of the in-coming nitrogen. A wide variety in emission factors was also found in a national nitrous oxide measurement survey in the USA by Ahn et al. (2010) , who found values ranging from 0.01% to 1.8 % of incoming nitrogen. In a survey of seven WWTPs in Australia by Foley et al. (2010) , emission factors of 0.06% to 25.3 % of nitrogen denitrified were found. The wide variability between the normalized nitrous oxide emissions from the different plants that were monitored in STOWA (2010) ( Table 2 ) and the normalized emission that was determined during the present study (Table 1) demonstrates again the meaninglessness of the use of a single emission factor, as also pleaded by Kampschreur et al. (2009) and Ahn et al. (2010) . Furthermore, the temporal variability of the nitrous oxide emission ( Figure 1B ) also sheds a light on how short term monitoring studies such as the one-week campaigns by STOWA (2010) or the one-day campaigns of Ahn et al. (2010) introduce a high variability as well. If the present study had been performed during only one week October or November 2010, the estimated emission would have been less than ten times lower than the present estimate, while it would have been almost thirty times higher if the monitoring would have been performed in March 2011.
RESULTS

Magnitude of the emission
Carbon footprint
Effectiveness of air filters for methane removal
The seasonal pattern of the nitrous oxide emission in the present study is in agreement with the results from STOWA (2010), i.e. high emissions during the monitoring week in February 2009, and low emissions during the monitoring week in October 2008. However, according to Figure  1A , there is a time lag of two to three months between the emissions and the water temperature. The observation that the emission increases with decreasing temperature may be related to the change of the sludge residence time (SRT). When temperature drops, the nitrification rate of the microorganisms in the activated sludge decreases. The ammonia conversion efficiency of the plant remained constant over the entire monitoring period (data not shown). With a lower nitrification rate during winter, a constant ammonia conversion over all seasons can only be achieved by prolonging the SRT. In which way exactly a longer SRT relates to higher nitrous oxide emissions remains unclear, and should be investigated in further research.
At Kralingseveer, the nitrous oxide emission per population equivalent and the share of nitrous oxide in the total climate footprint are higher than for Papendrecht and Kortenoord plants of the study by STOWA (2010). Since those two plants were only monitored during one week each, an interpretation of the emission data is delicate, especially taking into account the seasonal variability that was found at the Kralingseveer plant. However, the higher emission of the Kralingseveer plant may be attributed to the higher average sludge nitrogen loading rate of Kralingseveer (0.019 (2010)), since high nitrogen conversion rates are assumed to induce nitrous oxide emissions (Law et al., 2012) .
Emission of methane
The IPCC calculates the methane emission using the maximum amount of methane that can be produced from a given quantity of organics and a correction factor indicating the extent to which this methane producing capacity is realized in each type of treatment and discharge pathway and system (IPCC, 2006) . For the Netherlands, the implementation of this calculation method results in a methane emission factor of 8.5 g CH 4 .(kg COD influent ) -1 for plants with anaerobic sludge treatment, which is 23 % lower than the 11 g CH 4 .(kg COD influent ) -1 of Kralingseveer WWTP. Other data about methane emissions are scarce. Only two peer-reviewed studies about the topic were found: Czepiel et al. (1993) and Wang et al. (2011) , with emission factors of 1.6 and 0.8 g CH 4 .(kg COD influent ) -1 , respectively, which is lower than the methane emission of Kralingseveer. Also the plants of Papendrecht and Kortenoord had lower emissions than Kralingseveer (0.212 and 0.153 kg.PE -1 .y -1 , respectively, versus 0.39 kg.PE -1 .y -1 . Cf. Table 1 and Table 2 ). Of all these plants, Kralingseveer WWTP is the only one that has anaerobic sludge treatment.
On the one hand the presence of anaerobic sludge treatment implies that more methane will be emitted at WWTPs with sludge digestion, since the anaerobic sludge digestion facility causes methane emissions (Daelman et al., 2012) . On the other hand, the indirect carbon dioxide emission per population equivalent is lower at a plant with anaerobic sludge digestion since it produces biogas that enables the plant to be (partially) self-sufficient concerning its electricity demand. On the contrary, plants that do not produce biogas by anaerobic sludge digestion consume relatively more electricity, explaining the higher carbon dioxide emissions of these plants. This observation suggests that in order to judge the sustainability of biogas production from wastewater sludge, one should consider the trade-off between the emissions of methane on the one hand and the avoidance of carbon dioxide emission by utilizing biogas on the other hand. For completeness' sake, also the way in which the dewatered digestate or the undigested dewatered sludge is processed after it leaves the plant should be taken into account.
Effectiveness of air filters for methane removal from off-gas streams In the Netherlands, many wastewater treatment plants and sewage pumping stations dispose of air filter systems to get rid of odorous compounds in the off-gas streams from the headworks and sludge treatment. Although these systems are not designed to remove methane from the off-gases, this study investigated the possible use of such filters to mitigate methane emissions.
At first, the data suggest that common types of air filters are not or only to a small extent able to remove methane from the gas stream. Nevertheless, the variability of the efficiency data from several measurements of the same filter and the variability between different filter types is high, and the number of measurements are limited, making the results in Table 3 delicate to interpret. Therefore these measurements should be considered as exploratory. For instance, the difference between ingoing and outgoing methane flux may be due to temporal variation of the flux between the respective measurements, rather than to a different methane removal efficiency. Still, the methane removal efficiency may depend on operational variables, such as concentration differences in the gas stream to be treated, or the temperature in the filter. Further research may bring conclusive proof of the methane removal efficiency of common air treatment filters, and the effect of operational conditions.
CONCLUSIONS
 This long-term study of greenhouse gas emissions from a wastewater treatment plant confirms the shortcoming of fixed emission factors to estimate the emissions.  Both the methane and nitrous oxide emissions at the Kralingseveer wastewater treatment plant under study exceeded the plant's indirect carbon dioxide emission related to electricity consumption.  The plant under study showed a relatively high methane emission in comparison with other plants, which was related to the presence of anaerobic sludge treatment.  The nitrous oxide emission showed a seasonal dynamic, which is yet not fully understood.  Exploratory results suggest that compost, lava of activated carbon filters remove methane from off-gas only to a small extent or not at all.
